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Pmc1ESCRT components function to form multivesicular bodies for sorting of proteins destined to the
yeast vacuole. The calcium hypersensitivity of ESCRT mutants is mainly due to repressed expression
of PMR1 through the Rim101/Nrg1 pathway in budding yeast. Here, we show that overexpression of
PMC1 and its negative regulator gene NYV1 suppresses and increases calcium hypersensitivity of
ESCRT mutants, respectively. Consistently, deletion of NYV1 suppresses their calcium hypersensitiv-
ity. Expression of NYV1 is dramatically reduced in ESCRT mutants. Promoter analysis demonstrates
that both Nrg1 and Mig1 repress NYV1 expression. Deletion of ESCRTs increases Nrg1 binding, but
not Mig1-binding, to the NYV1 promoter. Deletion of MIG1 increases calcium sensitivity of ESCRT
mutants due to derepression of NYV1 expression.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Calcium ions are ubiquitous intracellular signaling molecules,
regulating cell growth, proliferation and death as well as physio-
logical processes such as vascular muscle contraction and tasting
[1,2]. In Saccharomyces cerevisiae, calcium ions mediate cellular
responses to mating hormones and various environmental stresses
[3–6]. Calcium homeostasis is tightly regulated to maintain an
optimal concentration of calcium ions in the cytosol [3,7]. In
response to environmental stimuli or high levels of extracellular
calcium, calcium ions enter the cytosol usually through two
unidentiﬁed calcium transporters X and M or the calcium channel
comprised of Cch1, Mid1 and Ecm7 in the plasma membrane
[8–10]. Excess calcium ions in the cytosol are transported into
the vacuole for storage through the vacuolar calcium pump Pmc1
and the Ca2+/H+ exchanger Vcx1; or into the ER/Golgi secretory
pathway via the calcium pump Pmr1 and the Ca2+/H+ exchanger
Gdt1 [11–13]. Pmc1 activity is negatively regulated by Nyv1 [14].
In the vacuolar membrane, Yvc1, a distant homolog of mammalian
TRPC type calcium channel, can be activated to release calciumions from the vacuole to the cytosol in response to a hypertonic
shock [15].
We identiﬁed 120 genes involved in the response to calcium,
seven of which encode components of the endosomal sorting com-
plexes required for transport (ESCRT) complexes [16]. ESCRT com-
plexes function to send targeted proteins to the yeast vacuole or
the mammalian lysosome [17,18]. ESCRT components are highly
conserved in eukaryotes [19,20]. ESCRT mutations cause neurode-
generative diseases in Drosophila melanogaster and humans [21].
ESCRT is required for the proteolytic processing of the yeast tran-
scriptional repressor Rim101 [22,23]. Inability of Rim101 to be
activated in seven ESCRT mutants leads to the increased expression
of its downstream target, another transcriptional repressor Nrg1,
which in turn represses the expression of PMR1 [24]. Here, we
show that both Mig1- and Nrg1-mediated repression of NYV1 are
also responsible for the calcium hypersensitivity of ESCRT mutants.2. Materials and methods
2.1. Strains and media
All strains, primers and plasmids used in this study were listed
in Supplementary Tables S1–S3, respectively. Mutant strains with
the natMX4 marker were constructed as described [25].
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We excised with BamHI and SphI enzymes the DNA fragment,
containing the PMC1 758-bp promoter and the PMC1 ORF without
its stop codon, from pHAC111-PMC1 [24], and subcloned it into
pHAC181, yielding pHAC181-PMC1. We PCR ampliﬁed with primer
pairs NYV1-F and NYV1-R a DNA fragment containing the pro-
moter and the ORF without stop codon of the NYV1 gene, and ﬁrst
cloned it to the KpnI and SphI sites of pHAC111, which yielded
pHAC111-NYV1. The insert was subsequently cloned into
pHAC181 and pGFP33, which generated pHAC181-NYV1 and
pGFP33-NYV1, respectively.
To create the mutations for Mig1-binding site M1 (C-308CCCCA
C-302 is mutated to be the HindIII site; Fig. S1A) and M2 (C-386CCCC
AC
-381
is mutated to be the HindIII site), we ampliﬁed the upstream
and downstream fragments of the NYV1 promoter with primer
pairs NYV1-F/NYV1-MIG1-R and NYV1-MIG1-F/NYV1-LR, respec-
tively. These two fragments were fused by PCR with primers
NYV1-F and NYV1-LR, and the fused PCR fragment was used to
replace the KpnI and XmaI fragment of the wild-type NYV1 pro-
moter in pGFP33-NYV1, yielding pGFP33-M1, 2D-NYV1.
To create the mutation for Nrg1-binding site N1 (C-580CCCCT-575
is mutated to be the XbaI site; Fig. S1A), we ampliﬁed the upstream
(N1-up) and downstream (N1-down) fragments of the NYV1 pro-
moter with primer pairs NYV1-F/NYV1-N1-R and NYV1-N1-F/
NYV1-LR, respectively. These two fragments were fused by PCR
with primers NYV1-F and NYV1-LR, and cloned into the KpnI and
EcoRI sites of pRS316-NYV1-lacZ, yielding pRS316-NYV1-(Nrg1)
p-1D-LacZ. Similarly, pRS316-NYV1-(Nrg1)p-2D-LacZ with the
mutation for N2 (C-122CCCT-118 is mutated to be the XbaI
site) was created using primer pairs, NYV1-F/ NYV1-N2-R and
NYV1-N2-F/NYV1-LR. To create mutations for both N1 and N2,
we ﬁrst ampliﬁed the fragment N12, carrying mutations for
both N1 and N2, with primers NYV1-N1-F/NYV1-N2-R. Three
fragments N1, N2 and N12 were then fused together by PCR with
primers NYV1-F and NYV1-LR, and was cloned into the KpnI/EcoRI
sites of pRS316-NYV1-lacZ, yielding pRS316-NYV1-(Nrg1)p-1,
2D-LacZ.
To construct the NYV1-lacZ reporter, we ampliﬁed the NYV1
promoter with primers NYV1-F and NYV1-LR and cloned it into
the KpnI/EcoRI sites to replace the ENA1 promoter in pRS316-
ENA1-lacZ [24], yielding pRS316-NYV1-lacZ. Similarly, pRS316-
MIG1-LacZ was constructed with primers MIG1-F and MIG1-LR.
All constructs were conﬁrmed by DNA sequencing.
2.3. Galactosidase activity assay
The b-galactosidase activity was determined as described [24].
Data are mean ± S.D. from six independent experiments.
2.4. Electrophoretic mobility shift assay (EMSA)
Two Nrg1-binding site probes were made by annealing oligonu-
cleotide pairs NYV1-N1-EMSA-F/NYV1-N1-EMSA-R and NYV1-N2-
EMSA-F/NYV1-N2-EMSA-R, respectively, and one Mig1-binding
site probe was made by annealing oligonucleotides NYV1-MIG1-
EMSA-F/ NYV1-MIG1-EMSA-R. These probes were labeled at the
30 end, and EMSA was carried out using the DIG Gel Shift Kit
(Roche, USA) according to the manufacturer’s recommendations.
GST-Nrg1 proteins were puriﬁed as described [26]. GST-Mig1
was extracted and puriﬁed with glutathione Sepharose 4B beads
from BY4741 cells containing the plasmid pEGH-MIG1 expressing
GST-MIG1 under control of the GAL1/10 promoter ([27,28]; Open
Biosystems’ catalog number YSC4423).2.5. Chromatin immunoprecipitation (ChIP) assay
Cells of the wild type BY4741, the snf7 mutant and the stp22
mutant, expressing the 3HA-Nrg1 or GST-Mig1 fusion protein,
were grown up to A600 1.0–1.5 in 50 ml SD-HIS or SD-URAmedium,
respectively. Whole cell extracts (WCE) were obtained, and
ChIP analysis was performed as described [24]. We performed
the ChIP experiments for the wild type, the snf7 mutant and the
stp22 mutant for ﬁve times, and calculated the relative ChIP signal
for each mutant as compared to that for the wild type (set to a
value of 1.0). Signals of PCR bands ampliﬁed from enriched
chromosomal DNA were quantiﬁed and analyzed using the BIO-
RAD Molecular Imager Gel Doc™ XR+ and Image LabTM Software,
respectively.
2.6. Extraction of RNA and semi-quantitative RT-PCR
Extraction of total RNA with log-phase growing cells and the
semi-quantitative RT-PCR method were carried out as described
previously [29]. Primer pairs NYV1-RT-F/NYV1-RT-R, MIG1-RT-F/
MIG1-RT-R and ScACT1-F/ScACT1-R, were used for PCR ampliﬁca-
tion of cDNAs for NYV1, MIG1 and ACT1 (as a control), respectively.
2.7. Statistical analysis
Data are presented as means ± S.D. Signiﬁcant differences were
analyzed by the paired-samples T-test with SPSS version 16.0
(USA).
3. Results
3.1. Deletion of NYV1 partially suppresses the calcium hypersensitivity
of ESCRT mutants
In yeast cells, cytosolic Ca2+ concentration is maintained mainly
through Pmc1, Pmr1 and Vcx1 [9]. VCX1 is not regulated at the
transcriptional level, while PMC1 and PMR1 are positively regu-
lated by Crz1 [30,31–33]. Deletion of seven ESCRT genes reduces
the expression of PMR1 by nearly a half, which mainly contributes
to the calcium hypersensitivity of the ESCRT mutants, but does not
affect the expression and subcellular localization of Pmc1 [24].
Therefore, we ask whether the activity of Pmc1 is affected in these
ESCRT mutants.
The activity of Pmc1 is negatively regulated by Nyv1 [14]. Over-
expression of NYV1 in the 2l vector pHAC181 increased the cal-
cium sensitivity of these ESCRT mutants, but overexpression of
PMC1 completely suppressed their calcium sensitivity (Fig. 1A).
Overexpression of NYV1 or PMC1 did not affect the calcium sensi-
tivity of the wild-type (Fig. 1A). These results are consistent with
the role of Nyv1 as a negative regulator of Pmc1 [14].
Interestingly, deletion of PMC1 alone increased the calcium sen-
sitivity of the wild type, whereas deletion of NYV1 exacerbated the
calcium sensitivity of pmc1 cells (bottom rows in Fig. 1B). This sug-
gests Nyv1 has an additional function in calcium sensitivity in
addition to its function as a negative regulator of Pmc1 activity.
However, the double-gene deletion mutants between NYV1 and
each of the seven ESCRT genes were more tolerant to calcium
stress than their corresponding single-gene ESCRT mutants
(Fig. 1B). Therefore deletion of NYV1 partially suppressed the cal-
cium hypersensitivity of these ESCRT mutants. In addition, deletion
of PMC1 showed an additive effect on the calcium sensitivity of
these ESCRT mutants, but further deletion of NYV1 did not alter
the calcium sensitivity of the double-gene deletion mutants
between PMC1 and each of the ESCRT genes (Fig. 1B).
Fig. 1. Functions of Pmc1 and Nyv1 in the hypersensitivity of ESCRT mutants as well as the regulation of NYV1 expression. (A) Overexpression of PMC1 and NYV1 suppresses
and increases the calcium sensitivity of ESCRT mutants, respectively. (B) Deletion of NYV1 partially suppresses the calcium hypersensitivity of seven single-gene deletion
ESCRT mutants and seven double-gene mutants between PMC1 and each of these ECSRT genes. (All ESCRT mutants show similar calcium-sensitive phenotypes, and only
representative ESCRT mutants are presented in A and B). (C) The b-galactosidase activities of NYV1-lacZ 1D, NYV1-lacZ 2D, NYV1-lacZ 2D and NYV1-lacZ 1,2D in the seven
single-gene ESCRT mutants. (D) The b-galactosidase activities of NYV1-lacZ in the seven single-gene ESCRT mutants and these ESCRT mutants lackingmig1,mig2 or NRG1. (E)
The semi-quantitation of NVY1 mRNA expression in ESCRT mutants as well as the rim101, mig1, nrg1 and nrg1mig1 mutants. A representative RT-PCR gel image was inserted
within this ﬁgure. Relative expression levels of NYV1 mRNA in these mutants were quantiﬁed from three RT-PCR assays and calculated as compared to that of the wild type
(its value was arbitrarily set as 1). (F) The b-galactosidase activities of NYV1-lacZ 1 and NYV1-lacZ 1,2D in the mig1, nrg1 and nrg1mig1 mutants. The asterisk indicates
statistically signiﬁcant differences (P < 0.05) between the wild-type strain and each mutant strain under the condition indicated.
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The b-galactosidase activity of the NYV1-lacZ reporter in each of
the seven ESCRT mutants was only about one ﬁfth of that in the
wild type (Fig. 1C). This suggests that expression of NYV1 is dra-
matically reduced due to the deletion of these ESCRT genes. Since
the expression level of the transcriptional repressor, Nrg1, is
increased in these ESCRT mutants [24], we hypothesize that Nrg1
might repress the expression of NYV1 as it does to that of PMR1.
There are two potential Nrg1-binding motifs, T-582ACCCCT-575
(N1) and A-124GCCCCT-118 (N2), in the NYV1 promoter which
matches the two consensus Nrg1-binding sequences ‘CCCCT’
[26,34,35] (Fig. S1A). Mutation of either of the two sites, or two
sites together, did not affect the NYV1-lacZ activity in the wild
type, but all three signiﬁcantly increased the NYV1-lacZ activity
in each of these ESCRT mutants (Fig. 1C). Nevertheless, the
NYV1-lacZ activity derived from the N1 and N2 double-site muta-
tion in all ESCRT mutants was only about half of that in the wild
type (Fig. 1C). In addition, the NYV1-lacZ activity in the double-gene mutants between NRG1 and each of the ESCRT genes was also
increased signiﬁcantly as compared to their corresponding single-
gene ESCRTmutants, but only reached about half of that in the wild
type (Fig. 1D). Collectively, these results indicate that expression of
NYV1 is suppressed partially by Nrg1, and likely by additional tran-
scriptional repressor(s), in ESCRT mutants.
Further analysis of the NYV1 promoter sequence identiﬁed two
potential binding sites, M1 (G-310GGGGGTG-303) and M2 (G-
288TGGGGTG-281), for another Snf1-regulated transcriptional
repressor Mig1, which cooperates with Mig2 in glucose-induced
repression of many genes [35–39] (Fig. S1A). We found that the
NYV1-lacZ activity in the double-gene mutants between MIG1
and each of the ESCRT genes was signiﬁcantly higher than that in
their corresponding single-gene ESCRT mutants, reaching a level
more than half of that in the wild type (Fig. 1D). In contrast, the
NYV1-lacZ activity in the double-gene mutants between MIG2
and each of the ESCRT genes, except in themig2snf7 andmig2vps20
double-gene mutants, did not increase signiﬁcantly as compared to
their corresponding single-gene ESCRT mutants (Fig. 1D). There-
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ESCRT mutants.
EMSA experiments showed that GST-Nrg1 bound to both N1
and N2 probes (Lanes 2 and 4 in Fig. 2A), whereas the GST alone
did not (Lane 1 in Fig. 2A). The binding of GST-Nrg1 to these probes
was abolished by their speciﬁc competitors, the unlabeled probes
(Lanes 3 and 5 in Fig. 2A). Similarly, GST-Mig1 bound to M1, M2
and M12 probes (Lane 2 in Fig. 2B), whereas the GST alone did
not (Lane 1 in Fig. 2B). The binding of GST-Mig1 to these probes
was abolished by their respective unlabeled probes (Lane 3 in
Fig. 2B). These results suggest that both Nrg1 and Mig1 can bind
to their binding sites in the NYV1 promoter in vitro.
We carried out ChIP experiments with the wild type BY4741,
the snf7 mutant and the stp22 mutant strains, expressing a func-
tional chromosomally 3 HA-tagged Nrg1 (Nrg1-HA) under the
control of the NRG1 promoter (Lanes 1 and 3 in Fig. 2C), and these
strains with the untagged wild type Nrg1 (Lanes 2 and 4 in Fig. 2C).
DNA samples isolated from their anti-HA chromatin immunopre-
cipitates were used in PCR assays to detect Nrg1-HA target pro-
moters (Lanes 2 and 3 in Fig. 2C). As controls, their whole-cell
extracts (WCE) were used in parallel PCR assays to ensure the
equivalence of the IP starting material (Lanes 1 and 4 in Fig. 2C).
Our results indicated that both N1 and N2 sites in the NYV1 pro-
moter were enriched in the anti-HA IPs of the Nrg1-HA strain (Lane
3 in Fig. 2C) as compared to the untagged Nrg1 strain (Lane 2 in
Fig. 2C). Both N1- and N2-enriched levels were higher in the snf7
and the stp22 mutants as compared to that in the wild type strain
(Fig. 2C and D). These data suggest that Nrg1 binds to both the N1
and N2 sites of the NYV1 promoter in vivo.
Similarly, to verify if Mig1 binds to the M1 and M2 sites, we
examined these same strains that contain a plasmid expressing a
functional GST tagged Mig1 (GST-Mig1) (Lanes 1 and 3 in the rightFig. 2. Characterization of Nrg1- and Mig1-binding sites in the promoter of NYV1. (A and B
NYV1 promoter. Electrophoretic mobility shift assays (EMSAs) were performed with
oligonucleotide) probes. Lane NP, no added protein; Lane 1, GST (0.3 lg); Lanes 2–5,
corresponding DIG-labeled probe. Lanes 3 and 5 contain additional speciﬁc competitor
immunoprecipitation (ChIP) analysis of Nrg1- and Mig1-binding to the NYV1 promoter, r
wild-type Nrg1 (or Mig1) (Lanes 2 and 4) strains were puriﬁed from equal amounts of e
glutathione afﬁnity-binding precipitate for GST-Mig1) (Lanes 2 and 3). Puriﬁed DNA sam
PCRs as described in the Experimental. PCR products were separated on 2% agarose gels an
experiment was shown (C). Intensity of DNA bands from ﬁve ChIP experiments for N1, N2
mutants were presented as compared to the wild type (its signal value was arbitraril
between the wild-type strain and each mutant strain for each promoter region indicatepanel of Fig. 2C), and these strains with the untagged wild type
Mig1 (Lanes 2 and 4 in Fig. 2C). DNA samples isolated from their
chromatin precipitates (CP) with glutathione Sepharose 4B beads
were used in PCR assays to detect GST-Mig1 target promoters
(Lanes 2 and 3 in Fig. 2C). ChIP results indicated that the DNA
region covering both M1 and M2 sites in the NYV1 promoter was
enriched in the CPs of the GST-Mig1 strain (Lane 3 in Fig. 2C) as
compared to the untagged Mig1 strain (Lane 2 in Fig. 2C). The
enriched levels were not signiﬁcantly different between the snf7
mutant, the stp22 mutant and the wild type (Fig. 2D). Therefore,
Mig1 binds to the M1 and M2 sites of the NYV1 promoter in vivo.
3.3. Genetic interactions between ESCRTs, NYV1, MIG1, MIG2, and
NRG1
Next, we investigated whether deletion ofMIG1 could affect the
calcium sensitivity of ESCRT mutants. Deletion of MIG1 alone or in
combination with NYV1 did not affect the calcium sensitivity of
wild-type cells, but deletion of MIG1 increased the calcium sensi-
tivity of the seven ESCRT mutants (upper two rows in Fig. 3A). In
contrast, deletion of MIG2 alone or in combination with NYV1 did
not affect the calcium sensitivity of wild-type cells, and neither
did deletion of MIG2 to the calcium sensitivity of the seven ESCRT
mutants (lower two rows in Fig. 3A). Taken together, these results
indicate that deletion of MIG1, but not MIG2, increases the calcium
sensitivity of ESCRT mutants.
Interestingly, although the expression of NVY1 is also repressed
by Nrg1 in these ESCRT mutants, we have shown previously that
deletion of NRG1 does not increase but instead suppresses the cal-
cium sensitivity of the seven ESCRT mutants (Fig. 3B; [24]). In addi-
tion, deletion of NRG1 showed a higher degree of suppression on
the calcium sensitivity of the seven ESCRT mutants than deletion) Nrg1 and Mig1 bind in vitro to their N1/N2 andM1/M2 regions, respectively, in the
their corresponding DIG-labeled N1, N2, M1, M2 or M12 (M1 and M2 in one
GST-Nrg1 or GST-Mig1 (0.15 lg); Lanes 4, GST-Nrg1 (0.3 lg). Lanes 1–5 contain
(10-fold molar excess of corresponding non-labeled probe). (C and D) Chromatin
espectively. DNA samples from the Nrg1-HA (or GST-Mig1) (Lanes 1 and 3) and the
xtract before (Lanes 1 and 4) and after anti-HA chromatin IP for Nrg1-HA (or GST-
ples were diluted and used as templates to detect N1, N2 or M12 regions in separate
d stained with ethidium bromide. A representative gel image from each type of ChIP
or M1 + M2 regions was quantiﬁed, and relative ChIP signals the snf7 and the stp22
y set to 1) (D). The asterisk indicates statistically signiﬁcant differences (P < 0.05)
d.
Fig. 3. Genetic interactions between MIG1, MIG2, NRG1, NYV1 and ESCRT genes in calcium hypersensitivity. (A) Deletion of MIG1 slightly, but deletion of MIG2 barely,
increases the calcium hypersensitivity of all seven ESCRT mutants. (B) Effects of nrg1 and/or nyv1 deletion on the calcium hypersensitivity of ESCRT mutants. (C) Further
deletion of NYV1 suppresses the calcium sensitivity of the ESCRT/mig1 double mutants. (All ESCRT mutants show similar calcium-sensitive phenotypes, and only
representative ESCRT mutants are presented in A–C). Cultures of indicated strains were spotted onto YPD plates containing indicated concentrations of CaCl2. Growth was
monitored after incubation at 30 C for 3 days.
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additive effect on the calcium sensitivity of ESCRT/nrg1 mutants,
except the snf7nrg1 mutant (Fig. 3B).
3.4. NYV1 expression in ESCRT mutants as well as the rim101, mig1,
nrg1 and nrg1mig1 mutants
To examine effects of deletion mutation of ESCRT genes as well
as RIM101,MIG1 or NRG1 genes on NVY1mRNA expression, we car-
ried out the semi-quantitative experiments by RT-PCR. Expression
of NVY1 mRNA was reduced by more than 20% due to the deletion
of each of seven ESCRT genes, but increased by more than 1.5 times
due to the deletion of MIG1, NRG1 or both of them, as compared to
that of the wild type (Fig. 1E). Consistently, the NYV1-lacZ activity
in the mig1, nrg1 or nrg1mig1 mutants was signiﬁcantly higher
than that in the wild type (Fig. 1F). The NYV1-lacZ-1,2D activity
in the mig1 or nrg1mig1mutants was also signiﬁcantly higher than
that in the wild type, but the NYV1-lacZ-1,2D activity in the nrg1
mutant was similar to that in the wild type (Fig. 1F).
3.5. Overexpression of NYV1 increases the calcium sensitivity of both
ESCRT single mutants and their ESCRT/pmc1 double mutants
We next examined whether overexpression of NYV1 would
affect the calcium sensitivity of ESCRT single mutants in the
pmc1 background. Under low extracellular calcium concentrations,overexpression of NYV1 increased the calcium sensitivity of ESCRT/
pmc1 double mutants with a similar degree to that of ESCRT single
mutants (Fig. S3). However, overexpression of NYV1 did not affect
the calcium sensitivity of the pmc1 mutant (Fig. S3).4. Discussion
NYV1 encodes the negative regulator of Pmc1 calcium transport
activity [14]. In the wild-type cells, expression of NYV1 was not
induced by calcium stress (Data not shown), which might be due
to the lack of calcineurin-dependent response elements in the pro-
moter of NYV1. In this study, we have demonstrated that expres-
sion of NYV1 is under the dual control of Mig1 and Nrg1 in
ESCRT mutants. In line with this, we have observed that deletion
of MIG1 increases the calcium sensitivity of seven ESCRT single
mutants (Fig. 3), which might be due to an increased level of
Nyv1 and likely consequent inhibition of the Pmc1 activity. This
is supported by our observations that deletion of NYV1 does not
affect the calcium sensitivity of the ESCRT/pmc1 mutants
(Fig. 1B), overexpression of NYV1 does not affect the calcium sensi-
tivity of the pmc1 mutant (Fig. S3), and that further deletion of
NYV1 suppresses the calcium sensitivity of the ESCRT/mig1 double
mutant (Fig. 3C). Reduction of Pmc1 activity might be due to the
possibility that Nyv1 inhibits more Pmc1 molecules or that
the inhibitory activity of Nyv1 towards Pmc1 is increased in these
3200 Y. Zhao et al. / FEBS Letters 588 (2014) 3195–3201ESCRT mutants, because Nyv1 deactivates a subset of vacuolar
Pmc1 molecules or partially inhibits the activity of all Pmc1 mole-
cules [14]. Yvc1 is the calcium channel in the vacuolar membrane
and releases calcium ions from the vacuole to the cytosol in
response to a hypertonic shock [15]. However, deletion of YVC1
did not affect the calcium hypersensitivity of NRG1 and/or ESCRT
mutations (Fig. S2). However, deletion of NYV1 increases the cal-
cium sensitivity of the pmc1mutant (Fig. 1B). Furthermore, overex-
pression of NYV1 increased the calcium sensitivity of ESCRT/pmc1
double mutants with a similar degree to that of ESCRT single
mutants (Fig. S3). Therefore, Nyv1 plays additional role(s) besides
regulating the activity of Pmc1.
It is interesting to note that, although deletion of NRG1 dere-
presses the expression of NYV1 in the seven ESCRT mutants, dele-
tion of NRG1 does not increase but instead suppresses their
calcium sensitivity that is caused by the Nrg1 repression of PMR1
transcription [24]. Therefore, the calcium-sensitive effect due to
the Nrg1-mediated repression of PMR1 expression is epistatic of
that due to the Nrg1-mediated repression of NYV1 expression in
ESCRT mutants. Our results support the hypothesis that Pmrl is
the principal calcium pump in yeast, whereas Pmcl is highly
induced upon calcium overload [24,40]. This is further supported
by our observations that deletion of NRG1 has a better suppression
effect on the calcium sensitivity of ESCRT mutants than deletion of
NYV1 does, and that deletion of NYV1 does not have an additive
effect on the calcium sensitivity of these ESCRT mutants deleted
for NRG1, except the snf7nrg1 mutant (Fig. 3B).
Both Nrg1 and Mig1 are negatively regulated by Snf1 during
glucose depletion [41]. However, Snf1 is not involved in the cal-
cium sensitivity of ESCRT mutants [24]. In addition, expression of
MIG1 is not regulated by Rim101 or the seven ESCRTs because
there is no difference in the expression of MIG1 mRNA or the
MIG1-lacZ activity between the wild type and each of seven ESCRT
mutants (Fig. S1B and C), although this does not exclude the possi-
bility that Mig1 activity is regulated by ESCRT’s in some way. This
is further supported by our observation in the present study that
deletion of SNF1 or STP22 did not alter the Mig1 binding to the pro-
moter of NYV1 (Fig. 2D). Therefore, the upstream regulator of Mig1
function in calcium sensitivity remains to be elucidated.
Acknowledgements
This is a project funded by the National Natural Science Founda-
tion of China to Y.Z. and L.J. (Nos. 31301021 and 81371784), the
Jiangsu Key Projects for Agriculture to L.J. (No. BE2014306) and
the Jiangnan University grant to L.J. (No. JUSRP51313B).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2014.06.
062.
References
[1] Medler, K.F. (2010) Calcium signaling in taste cells: regulation required. Chem.
Senses 35, 753–765.
[2] Berridge, M.J. (2003) Cardiac calcium signalling. Biochem. Soc. Trans. 31, 930–
933.
[3] Bonilla, M. and Cunningham, K.W. (2002) Calcium release and inﬂux in yeast:
TRPC and VGCC rule another kingdom. Sci. STKE, PE17.
[4] Bonilla, M. and Cunningham, K.W. (2003) Mitogen-activated protein kinase
stimulation of Ca2+ signaling is required for survival of endoplasmic reticulum
stress in yeast. Mol. Biol. Cell 14, 4296–4305.
[5] Batiza, A.F., Schulz, T. and Masson, P.H. (1996) Yeast respond to hypotonic
shock with a calcium pulse. J. Biol. Chem. 271, 23357–23362.
[6] Iida, H., Yagawa, Y. and Anraku, Y. (1990) Essential role for induced Ca2+ inﬂux
followed by [Ca2+]i rise in maintaining viability of yeast cells late in the matingpheromone response pathway. A study of [Ca2+]i in single Saccharomyces
cerevisiae cells with imaging of fura-2. J. Biol. Chem. 265, 13391–13399.
[7] Cui, J. and Kaandorp, J.A. (2006) Mathematical modeling of calcium
homeostasis in yeast cells. Cell Calcium 39, 337–348.
[8] Locke, E.G., Bonilla, M., Liang, L., Takita, Y. and Cunningham, K.W. (2000) A
homolog of voltage-gated Ca2+ channels stimulated by depletion of secretory
Ca2+ in yeast. Mol. Cell. Biol. 20, 6686–6694.
[9] Cui, J., Kaandorp, J.A., Ositelu, O.O., Beaudry, V., Knight, A., Nanfack, Y.F. and
Cunningham, K.W. (2009) Simulating calcium inﬂux and free calcium
concentrations in yeast. Cell Calcium 45, 123–132.
[10] Martin, D.C., Kim, H., Mackin, N.A., Maldonado-Báez, L., Evangelista Jr.,
C.C., Beaudry, V.G., Dudgeon, D.D., Naiman, D.Q., Erdman, S.E. and
Cunningham, K.W. (2011) New regulators of a high afﬁnity Ca2+ inﬂux
system revealed through a genome-wide screen in yeast. J. Biol. Chem.
286, 10744–10754.
[11] Demaegd, D., Foulquier, F., Colinet, A.S., Gremillon, L., Legrand, D., Mariot, P.,
Peiter, E., Van Schaftingen, E., Matthijs, G. and Morsomme, P. (2013) Newly
characterized Golgi-localized family of proteins is involved in calcium and pH
homeostasis in yeast and human cells. Proc. Natl. Acad. Sci. USA 110, 6859–
6864.
[12] Cunningham, K.W. (2011) Acidic calcium stores of Saccharomyces cerevisiae.
Cell Calcium 50, 129–138.
[13] Pittman, J.K. (2011) Vacuolar Ca(2+) uptake. Cell Calcium 50, 139–146.
[14] Takita, Y., Engstrom, L., Ungermann, C. and Cunningham, K.W. (2001)
Inhibition of the Ca2+-ATPase Pmc1p by the v-SNARE protein Nyv1p. J. Biol.
Chem. 276, 6200–6206.
[15] Denis, V. and Cyert, M.S. (2002) Internal Ca(2+) release in yeast is triggered by
hypertonic shock and mediated by a TRP channel homologue. J. Cell Biol. 156,
29–34.
[16] Zhao, Y., Du, J., Zhao, G. and Jiang, L. (2013) Activation of calcineurin is mainly
responsible for the calcium sensitivity of gene deletion mutations in the
genome of budding yeast. Genomics 101, 49–56.
[17] Bonangelino, C.J., Chavez, E.M. and Bonifacino, J.S. (2002) Genomic screen for
vacuolar protein sorting genes in Saccharomyces cerevisiae. Mol. Biol. Cell 13,
2486–2501.
[18] Katzmann, D.J., Odorizzi, G. and Emr, S.D. (2002) Receptor downregulation and
multivesicular-body sorting. Nat. Rev. Mol. Cell Biol. 3, 893–905.
[19] Lemmon, S.K. and Traub, L.M. (2000) Sorting in the endosomal system in yeast
and animal cells. Curr. Opin. Cell Biol. 12, 457–466.
[20] Rusten, T.E., Vaccari, T. and Stenmark, H. (2011) Shaping development with
ESCRTs. Nat. Cell Biol. 14, 38–45.
[21] Saksena, S. and Emr, S.D. (2009) ESCRTs and human disease. Biochem. Soc.
Trans. 37, 167–172.
[22] Xu, W., Smith Jr., F.J., Subaran, R. and Mitchell, A.P. (2004) Multivesicular
body-ESCRT components function in pH response regulation in Saccharomyces
cerevisiae and Candida albicans. Mol. Biol. Cell 15, 5528–5537.
[23] Rothfels, K., Tanny, J.C., Molnar, E., Friesen, H., Commisso, C. and Segall, J.
(2005) Components of the ESCRT pathway, DFG16, and YGR122w are required
for Rim101 to act as a corepressor with Nrg1 at the negative regulatory
element of the DIT1 gene of Saccharomyces cerevisiae. Mol. Cell. Biol. 25,
6772–6788.
[24] Zhao, Y., Du, J., Xiong, B., Xu, H. and Jiang, L. (2013) ESCRT components
regulate the expression of the ER/Golgi calcium pump gene PMR1 through the
Rim101/Nrg1 pathway in budding yeast. J. Mol. Cell Biol. 5, 336–344.
[25] Jiang, L., Niu, S., Clines, K.L., Burke, D.J. and Sturgill, T.W. (2004) Analyses of the
effects of Rck2p mutants on Pbs2pDD-induced toxicity in Saccharomyces
cerevisiae identify a MAP kinase docking motif, and unexpected functional
inactivation due to acidic substitution of T379. Mol. Genet. Genomics 271,
208–219.
[26] Platara, M., Ruiz, A., Serrano, R., Palomino, A., Moreno, F. and Ariño, J. (2006)
The transcriptional response of the yeast Na+-ATPase ENA1 gene to alkaline
stress involves three main signaling pathways. J. Biol. Chem. 281, 36632–
36642.
[27] Zhu, H., Bilgin, M., Bangham, R., Hall, D., Casamayor, A., Bertone, P., Lan, N.,
Jansen, R., Bidlingmaier, S., Houfek, T., Mitchell, T., Miller, P., Dean, R.A.,
Gerstein, M. and Snyder, M. (2001) Global analysis of protein activities using
proteome chips. Science 293, 2101–2105.
[28] Mitchell, D.A., Marshall, T.K. and Deschenes, R.J. (1993) Vectors for the
inducible overexpression of glutathione S-transferase fusion proteins in yeast.
Yeast 9, 715–722.
[29] Li, X., Du, W., Zhao, J., Zhang, L., Zhu, Z. and Jiang, L. (2010) The MAP kinase-
activated protein kinase Rck2p regulates cellular responses to cell wall
stresses, ﬁlamentation and virulence in the human fungal pathogen Candida
albicans. FEMS Yeast Res. 10, 441–451.
[30] Cunningham, K.W. and Fink, G.R. (1996) Calcineurin inhibits VCX1-dependent
H+/Ca2+ exchange and induces Ca2+ ATPases in Saccharomyces cerevisiae. Mol.
Cell. Biol. 16, 2226–2237.
[31] Cyert, M.S. (2001) Genetic analysis of calmodulin and its targets in
Saccharomyces cerevisiae. Annu. Rev. Genet. 35, 647–672.
[32] Stathopoulos, A.M. and Cyert, M.S. (1997) Calcineurin acts through the CRZ1/
TCN1-encoded transcription factor to regulate gene expression in yeast. Genes
Dev. 11, 3432–3444.
[33] Matheos, D.P., Kingsbury, T.J., Ahsan, U.S. and Cunningham, K.W. (1997)
Tcn1p/Crz1p, a calcineurin-dependent transcription factor that differentially
regulates gene expression in Saccharomyces cerevisiae. Genes Dev. 11, 3445–
3458.
Y. Zhao et al. / FEBS Letters 588 (2014) 3195–3201 3201[34] Harbison, C.T., Gordon, D.B., Lee, T.I., Rinaldi, N.J., Macisaac, K.D., Danford,
T.W., Hannett, N.M., Tagne, J.B., Reynolds, D.B., Yoo, J., Jennings, E.G., Zeitlinger,
J., Pokholok, D.K., Kellis, M., Rolfe, P.A., Takusagawa, K.T., Lander, E.S., Gifford,
D.K., Fraenkel, E. and Young, R.A. (2004) Transcriptional regulatory code of a
eukaryotic genome. Nature 431, 99–104.
[35] Zhu, C., Byers, K.J., McCord, R.P., Shi, Z., Berger, M.F., Newburger, D.E., Saulrieta,
K., Smith, Z., Shah, M.V., Radhakrishnan, M., Philippakis, A.A., Hu, Y., De Masi,
F., Pacek, M., Rolfs, A., Murthy, T., Labaer, J. and Bulyk, M.L. (2009) High-
resolution DNA-binding speciﬁcity analysis of yeast transcription factors.
Genome Res. 19, 556–566.
[36] Karunanithi, S. and Cullen, P.J. (2012) The ﬁlamentous growth MAPK pathway
responds to glucose starvation through the Mig1/2 transcriptional repressors
in Saccharomyces cerevisiae. Genetics 192, 869–887.
[37] Santangelo, G.M. (2006) Glucose signaling in Saccharomyces cerevisiae.
Microbiol. Mol. Biol. Rev. 70, 253–282.[38] Badis, G., Chan, E.T., van Bakel, H., Pena-Castillo, L., Tillo, D., Tsui, K., Carlson,
C.D., Gossett, A.J., Hasinoff, M.J., Warren, C.L., Gebbia, M., Talukder, S., Yang, A.,
Mnaimneh, S., Terterov, D., Coburn, D., Li Yeo, A., Yeo, Z.X., Clarke, N.D., Lieb,
J.D., Ansari, A.Z., Nislow, C. and Hughes, T.R. (2008) A library of yeast
transcription factor motifs reveals a widespread function for Rsc3 in targeting
nucleosome exclusion at promoters. Mol. Cell 32, 878–887.
[39] Lundin, M., Nehlin, J.O. and Ronne, H. (1994) Importance of a ﬂanking AT-rich
region in target site recognition by the GC box-binding zinc ﬁnger protein
MIG1. Mol. Cell. Biol. 14, 1979–1985.
[40] Marchi, V., Sorin, A., Wei, Y. and Rao, R. (1999) Induction of vacuolar Ca2+-
ATPase and H+/Ca2+ exchange activity in yeast mutants lacking Pmr1, the Golgi
Ca2+-ATPase. FEBS Lett. 454, 181–186.
[41] Zhou, H. and Winston, F. (2001) NRG1 is required for glucose repression of the
SUC2 and GAL genes of Saccharomyces cerevisiae. BMC Genet. 2, 5.
